The results show clearly distinguishable effects from all three factors. The eddy-resolving ocean removes biases in the ocean interior and in the atmosphere. This leads to an important conclusion that ocean eddies have a major impact on the large-scale temperature distribution in the atmosphere, and on temperature and salinity distributions in the ocean. The near-surface wind forcing reduces with a T255 atmosphere and improves ocean mixed layer depths in both hemisphere. The reduced wind forcing further slows the Antarctic Circumpolar Current (ACC) and reduces the transport through Drake Passage to observed values.
Introduction
The evolving computational power allows for ever higher resolutions of earth system models (ESM). High resolution ESMs are able to explicitly resolve processes that are subgrid-scale and parameterized in low-resolution models. Optimally, the better resolved processes improve the atmosphere and ocean dynamics and thus reduce biases in the mean state and in the variability of key quantities. In this manuscript we analyse separately the effects of increasing the horizontal atmospheric and oceanic 20 resolution on the mean state. However, besides increasing the resolution of the major model subcomponents, new strategies Atlantic, and over the Nordic Seas. This reduced wind forcing over the subpolar gyre causes a slowdown of the AMOC in XR pp , as described in detail by Putrasahan et al. (2018) and briefly outlined in section 4.
By using the KPP scheme in the XR model (XR kpp ; Fig. 1e ), the wind speed reduces in the same areas as mentioned above, but not as strong as in XR pp . This indicates that KPP can sustain a sufficient mixing to prevent a decline of the AMOC albeit a weaker wind forcing (as discussed later). However, the wind speed is still lower over the Nordic Seas and in the Pacific sector Ocean, over the Greenland Sea, and over the subtropical Atlantic. Despite these improvements, an eddy-resolving ocean does have only a minor effect on the near-surface wind speed, when coupled to a rather coarse T127 atmospheric resolution. 
2 m temperature
In contrast to the near-surface wind speed, the 2 m temperature distribution (Fig. 2) is stronger affected by changing the horizontal resolution of the submodels or by replacing the vertical ocean mixing parameterization. It closely resembles the bias of the sea surface temperature (section 4.1.1). Again, all models (except XR pp ) agree well with ERA-Interim over the continents and over large parts of the world's oceans, in particular over the tropical and subtropical oceans and in the Arctic
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Ocean.
An area with larger discrepancies across all models is the North Atlantic. Here, all simulations show a cold bias, which is a common error in state-of-the-art ESMs (Dengg et al., 1996) , which is caused by a too zonal North Atlantic Current (NAC) (see section 4.1.1). Another area of cold near-surface temperature biases is Antarctica and its peninsula. All models (except XR pp ) simulate a consistent warm bias over the Canadian Archipelago, central Africa and central Asia. Although reducing in 20 its magnitudes, all these biases remain in the higher resolution models or when KPP is used.
Our models with the T127 atmosphere (Fig. 2b ,c,f) simulate further a warm bias over the Weddell Sea, which is caused by too frequent open polynyas (see section 4.5). This warm bias vanishes, partly changing its sign in the western Weddell Sea, when increasing the atmospheric resolution to T255 in the XR models (Fig. 2d, e) . This is because the frequency of open-ocean polynyas reduces (see section 4.5), so that the Weddell Sea is more often covered with thicker ice (not shown), causing colder 25 near-surface temperatures. However, a severe cold bias develops over the North Atlantic and the Nordic Seas in XR pp , as mentioned before. As a consequence, the temperatures over Europe decrease as well.
Using the KPP scheme in HR (Fig. 2c ) results in warmer 2 m temperatures in the northern hemisphere, so that cold biases reduce, but warm biases become stronger. The reason is a stronger northward heat transport into the North Atlantic (see section 4) and thus a stronger heat release to the atmosphere. In XR kpp (Fig. 2e) , the warming caused by the KPP scheme and 30 the cooling caused by the T255 atmosphere compensate, so that the bias pattern in the northern hemisphere is comparable to that of HR pp . The cold bias along the ACC, however, is not affected by KPP and similar to XR pp .
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Geosci. Model Dev. Discuss., https://doi.org /10.5194/gmd-2018-286 Manuscript under review for journal Geosci. Model Dev. (Fig. 2f) produces a similar bias pattern as HR kpp , because of the same T127 atmosphere, it clearly reduces the cold bias over the ACC in the Southern Ocean due to partly resolved eddies. The warm bias in the Weddell Sea, however, is slightly enhanced in the Atlantic sector of the Southern Ocean.
3.2 Vertical structure of zonal wind speed and temperature 3.2.1 Zonal wind speed 5 Fig. 3 shows the ERA-Interim climatology of the time-mean zonal-mean wind speed (u-velocity) and the model biases. Overall, the vertical structure of the zonal wind speed is well represented in MPI-ESM1.2. A consistent bias of all simulations are too strong subtropical jets (centred at ∼ 200 hPa). These enhanced jets contribute further to higher zonal wind speeds extending into the upper troposphere at 40 to 45
• S and 40 to 45
• N, as found by Müller et al. (2018) . Another positive bias is simulated in the middle of the tropical troposphere (at ∼ 400 hPa).
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All models simulate a consistent negative bias over the Southern Ocean at ∼ 60
• S that extends through the whole troposphere. Although KPP reduces the bias over the Southern Ocean in HR kpp (Fig. 3c) and increases slightly the biases in the upper troposphere, the overall pattern is very similar to HR pp (Fig. 3b) . The T255 atmosphere in the XR models amplifies all biases (Fig. 3d-e) . That is, the subtropical jets become stronger and shift equatorwards and the zonal wind speed over the Southern Ocean reduces further.
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Important for the ocean is the extension of the negative bias over the Southern Ocean down to the surface (except in ER pp ), which directly reduces the wind forcing of the ocean. Note that the near-surface negative bias for the North Atlantic cannot be seen here, as discussed above, because it cancels in the zonal mean. On the other hand, the eddy-resolving ocean does not modify the mean zonal wind speed (Fig. 3f) .
Zonal temperature

20
The cross sections of the time-mean zonal-mean temperature (Fig. 4) show cold biases in the upper troposphere (at ∼ 250 hPa) in both hemispheres. In the simulations with PP, the cold bias extends to the surface in both hemispheres (Fig. 4b,d ), whereas with KPP only in the southern hemisphere (Fig. 4c,e) .
In XR pp the cold bias becomes larger in the lower troposphere, because of the slowing down of the AMOC and the freezing of the Labrador and Nordic Seas (see section 4 below). In contrast, the AMOC remains stable in XR kpp (Fig. 4e) , so that no 25 severe cold bias evolves in the lower troposphere of the northern hemisphere. However, the KPP scheme does not affect the cold bias in the southern hemisphere, as already found for the 2 m temperature. A clear improvement can be seen in ER pp (Fig. 4f) , which removes both biases in the lower and middle troposphere in both hemispheres. We conclude that eddies play a major role for the large-scale temperature distribution in the atmosphere. The sea surface temperature bias to the UK MetOffice EN4 data (version 4.2.0; Good et al. (2013 Good et al. ( ), averaged from 1945 Good et al. ( -1955 is shown in Fig. 5 . We used this period for EN4 since our HR simulations were initialised from a simulation that was nudged to 5 the averaged EN4 state of 1950-54, and we further allow for some variance. The results differ only marginally if another period is chosen (not shown). In general, biases occur in prominent areas and are affected by both changing the model resolution and the diapycnal mixing scheme.
All simulations (except XR pp ) simulate realistic sea surface temperatures in comparison to EN4 (Fig. 5) . Colder sea surface temperatures of about 1 to 2
• C than in EN4 are simulated in the northern hemisphere in HR pp (Fig. 5b) . The strongest cold (Fig. 5b,c,f) , as found by Milinski et al. (2016) 
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Increasing the atmospheric resolution from T127 to T255, while using the PP scheme (XR pp ), causes a severe cold bias in the whole northern hemisphere (Fig. 5d) , strongest in the North Atlantic (−9
• C). This cooling was already described by Putrasahan et al. (2018) and is caused by a slowed AMOC due to too weak wind stress over the subpolar gyre and too weak northward heat and salt transports (see also Tab. 4 and section 4.6). Although the reduced wind forcing over the Southern Ocean ( Fig. 1) might also contribute to a weakening of the AMOC (Toggweiler and Samuels, 1995) in XR pp , Putrasahan et al. 20 (2018) found no effect of this negative wind bias on the AMOC slow down, and argue that the timescale of the slowing AMOC is much faster than any feedback from the Southern Ocean to the North Atlantic.
On the other hand, the biases in the coastal upwelling areas diminished to some extent, because of the better resolved coastal wind systems. This warm bias reduction in the upwelling areas is consistent with other studies (Putrasahan et al., 2013; Small et al., 2015; Milinski et al., 2016) . Furthermore, the Pacific cold-tongue almost disappears, but now the tropical Pacific becomes 25 too warm south of the equator.
The KPP scheme reduces the cold bias in the North Atlantic in HR kpp (Fig. 5c ), but enhances a warm bias in the Labrador Sea and in the Nordic Seas because of an increased heat transport into the North Atlantic and its ambient seas. Moreover, a warm bias evolves in the tropical Pacific north and south of the equator. However, the KPP scheme simulates a stable AMOC in XR kpp (Fig. 5e ), because of a stronger subpolar gyre (see Tab. 2). The enhanced deep convection and North Atlantic Deep ER pp clearly reduces the cold bias along the ACC (Fig. 5f) , because of resolving eddies that flatten and shift the outcropping isopycnals southwards. It further reduces the cold bias in the North Atlantic, in the North Pacific, and in the Mediterranean Sea. The biases in the upwelling regions, however, remain because of the coarse T127 atmosphere. 
Sea surface salinity
As with sea surface temperature, the sea surface salinity is well simulated with MPI-ESM1.2 for most parts of the ocean with respect to EN4 (Fig. 6 ). However, in some areas we find larger discrepancies. In the North Atlantic, the surface waters are too fresh where we already found a cold bias. This freshwater bias is again caused by the too zonal NAC and the entrainment of fresher water masses from the Labrador Current. Although all models produce this bias, its magnitude differs with respect to 10 HR pp (Fig. 6a) by either increasing the model resolution or by replacing the vertical mixing scheme in the ocean.
Both the KPP scheme ( Fig. 6c ) and the eddy-resolving ocean reduce the freshwater bias in the North Atlantic, because of a stronger northward salt transport by the NAC and because more saline waters are exported from the Labrador Sea along the Deep Western Boundary Current.
In case of ER pp , the Gulf Stream separation is better represented, which further reduces the bias in the North Atlantic 15 (Fig. 6f) . The resolved eddies further remove the freshwater bias along the ACC. The water masses in the Mediterranean Sea become more saline, which removes the freshwater bias that the HR and XR models produce.
Increasing the atmospheric resolution from T127 to T255 enhances the freshwater bias in XR pp ( Fig. 6d ) because of the above described AMOC slow down, with the consequence that less salt is transported by the Gulf Stream and the NAC into the North Atlantic. In XR kpp (Fig. 6e) , both effects work in opposite directions and almost balance each other, so that the bias 20 is similar to that in HR pp
Another bias present in all simulations is a too saline Arctic Ocean, originating from the Siberian coast that extends across the Transpolar Drift, but also into the Canadian basin. These too saline waters indicate too little freshwater input from the Siberian rivers, in particularly from the Lena river (Laptev Sea). Another effect that enhances this error could be too little barotropic tidal mixing along the Arctic shelves and thus too less horizontal spreading of the river waters (Wang et al., 2014) .
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Finally, a strong freshwater bias is simulated in the western Pacific. The KPP scheme seems not to modify this bias, but the surface waters become severely fresher in both XR simulations. Since there is no obvious difference in precipitation or evaporation (not shown), we suspect that the supply of salty waters from the east reduces in XR. Although still too fresh, ER pp reduces this bias. In the TP04 grid, the strait is about 54 km wide with a sill depth of about 230 m. The outflowing Mediterranean water is too warm and too saline in all HR and XR simulations compared to EN4, which explains the warm and saline bias (Fig. 8a-e) . In HR kpp , the Mediterranean water is slightly more saline than in HR pp , so that the water spreading northward along the European continental shelf becomes also more saline and contributes to saltier Northeastern Atlantic Deep Water. This enhanced flow of saline water into the subpolar gyre explains the reduced salinity bias at 40 to 50
Ocean interior
• N at a depth of 1000-1500 m (Fig. 8c) . The 20 main spreading pathway in all HR and XR models, however, is to the southwest into the open Atlantic.
As with the warm biases, the salinity biases reduce in ER pp . A fresher water mass at intermediate depth reflects a much more realistic representation of the AAIW (Fig. A3 ) and of the outflow of Mediterranean water. The latter is less saline and about 2 to 3 • C colder (not shown), reducing the warm and saline bias at 30
• N ( Fig. 7f and Fig. 8f ). The reason for this major improvement is the better resolved bathymetry of the Strait of Gibraltar, which is about 24 km wide in the TP6M grid. Although because of the increased transport of heat and salt from the Subtropical Gyre into the subpolar gyre. The bias reduces in the XR models because of the weaker subpolar gyre and reduced salt transport by the gyre. However, from Fig. 8d , we see that the reduced salinity is the main factor causing the reduced convection in XR pp , as described by Putrasahan et al. (2018 contribution is too warm and saline overflow waters from the Nordic Seas, an issue that was also present in coarser MPI-ESM versions (Jungclaus et al., 2013) . The bias is mostly unaffected in ER pp .
The Atlantic water entering the Arctic Ocean (0 • C potential temperature bounds in Fig. 7a ) is too warm and its layer is too thick in all HR and XR simulations (Fig. 7b-e) , causing a warm bias within the Atlantic layer between 200 m to 1000 m. This is a common error in ocean general circulation models (Ilicak et al., 2016) , which is thought to be caused by spurious numerical , which is close to what we chose. In contrast, for example Sein et al. (2018) chose to reduce the background value by one order of magnitude.
Ocean circulation
To evaluate the large-scale ocean circulation, we compared barotropic stream functions of selected regions, transports through 20 straits, and the AMOC. Overall we find three effects: (1) increasing the atmospheric resolution to T255 reduces the gyre strengths, (2) the KPP scheme enhances the strength of all gyres, and (3) the effect of an eddy-resolving ocean is bi-directional.
The simulated subpolar gyre strengths range from 31.0 to 40.6 Sv and are all within the observational range of 26.0 to 40.0 Sv (Tab. 2). HR kpp simulates a slightly stronger subpolar gyre than the reference simulation HR pp . Both XR pp and XR kpp show a clear drop of the gyre strength with a T255 atmosphere, as described by Putrasahan et al. (2018) . In contrast, increasing 25 the ocean resolution to eddy-resolving (ER pp ) does not affect the subpolar gyre strength noticeably.
The volume transport of the Subtropical Gyre in the North Atlantic, however, reacts more sensitive to the chosen vertical ocean mixing scheme and the eddy-resolving resolution. Compared to the reference of 48.2 Sv (HR pp ), the gyre strength only slightly reduces to 44.0 Sv with a higher atmospheric resolution (XR pp ). By using the KPP scheme, however, the gyre strength increases to 64.9 Sv (HR kpp ) and remains similarly high with a T255 atmosphere (XR kpp ). ER pp produces a gyre strength as wind speed forcing (as seen in Fig. 1) for the polynya. However, a more detailed investigation is required to explain circulation differences between the T127 and the T255 over the Weddell Sea. In austral summer, the sea ice extends further into the Weddell Sea in both XR simulations (not shown). The average surface mixed layer depths in March for the northern hemisphere are shown in Fig. 10 . We diagnosed the mixed layer depth as the depth where the density deviates from the surface density by σ t = 0.01 kg m . This diagnostic was computed from monthly means.
In the reference simulation HR pp (Fig. 10a) , average depths of up to 1500 m are simulated in the Labrador Sea, and up to 600 m south of Cape Farewell, in the Irminger Sea, and in the Nordic Seas. As discussed before, in XR pp (Fig. 10c) becomes deeper compared to all other models. These deeper mixed layers with the KPP scheme result on one hand from the convection parameterization (i.e. the non-local fluxes) and on the other hand from a stronger and more cyclonic subpolar gyre 15 that domes the isopycnals in the gyre centres (not shown), which preconditions the water column for convection.
As mentioned in section 2.2, the non-local fluxes in the KPP scheme use the same vertical diffusivities as for the local gradient transports. These diffusivities are not limited to a user-defined maximum value during convective forcing conditions, so that much larger diffusivities can act to redistribute temperature and salinity, causing the water column to overturn faster and to produce deeper mixed layers in the KPP than in the PP scheme.
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On the other hand, XR kpp (Fig. 10d) simulates shallower mixed layers compared with HR kpp . These shallower mixed layers result from the reduced wind stress of the T255 atmosphere by means of two processes: (1) lower wind stress spins down the subpolar gyre, so that the slower cyclonic circulation reduces the isopycnal doming and the horizontal salt advection to the gyre centres, leading to a more stratified surface layer; and (2) lower near-surface wind speeds reduce the turbulent air-sea fluxes via the bulk formula and the surface friction velocity (u * ). Lesser heat fluxes in turn reduce directly the non-local fluxes of the 25 KPP scheme in convection areas, and lower u * reduces the turbulent vertical velocity scales, which results in lower vertical diffusivities and viscosities.
Based on these results, increasing the atmospheric resolution reduces the mixed layer depths over the North Atlantic and the Nordic Seas, whereas KPP deepens them. By combining both, the T255 atmosphere and the KPP scheme, the above effects compensate (XR kpp ; Fig. 10d ). In contrast to XR pp , where the convection ceases in the Labrador and GIN Seas, the combination 30 of T255 and KPP (XR kpp ) produces more realistic mixed layers depths even with reduced wind forcing.
Overall, the KPP scheme influences the large-scale circulation, which in turn provides favourable conditions for deep convection in the Labrador Sea, Irminger Sea, and Nordic Seas. For this reason, HR kpp and XR kpp simulate enhanced deep convection compared with HR pp and thus mixed layers deeper of about 500 to 600 m in the Irminger Gyre, which is consistent with observations (e.g. Pickart et al., 2003; Våge et al., 2008 Våge et al., , 2011 . The deeper mixed layers in the Irminger Sea in XR kpp are probably linked to better resolved Greenland tip jets, although a T255 is still too coarse to resolve them sufficiently (Gutjahr and Heinemann, 2018).
Except for XR pp , the maximum mixed layer depths are nevertheless too deep. A possible explanation is the neglect of tidal 5 mixing in MPI-ESM1.2. As shown in Müller et al. (2010) , tidal mixing improves the recirculation of the Labrador Current.
By dragging more freshwater into the surface layer of the Labrador Sea, it becomes more stratified which in turn reduces deep convection.
In ER pp the mixed layer depths are to a large extent similar to our reference simulation HR pp . However, in ER pp the convection centre in the Labrador Sea is confined to a more southeastern area with deeper mixed layers, in particular south of Cape
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Farewell. The deeper mixed layer depths might be related to a stronger doming of isopycnals because of an enhanced cyclonic circulation (or a recirculating Irminger Current) (Pickart et al., 2003; Våge et al., 2011) and to enhanced advection of Labrador Sea water from the Labrador into the Irminger Basin that preconditions the water south of Cape Farewell for convection.
Southern hemisphere
In the Southern Ocean, we define the mixed layer depth as the depth where the density deviates by 0.03 kg m −3 from the density 15 at the surface. MPI-ESM1.2 simulates very deep winter mixed layers in the Weddell and Ross Sea (Fig.11) . In the Weddell Sea, the convection reaches down into the deep ocean, which is a known problem in many state-of-the-art ESMs (Sallée et al., 2013; Kjellsson et al., 2015; Heuzé et al., 2015; Naughten et al., 2018) . Spurious open-ocean deep convection leads to semipermanent Weddell Sea polynyas, as warm Circumpolar Deep Water is continuously brought to the surface, causing sea ice to melt.
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Possible explanations for this widespread bias are: insufficient freshwater input (Kjellsson et al., 2015) , in particular glacial melt water (e.g. Stössel et al., 2015) , and insufficient wind mixing in summer (Timmermann and Beckmann, 2004) . Reduced wind mixing allows salt from brine rejection to accumulate in the winter water layer and eventually to erode the stratification.
In both cases, salinity increases in the winter water layer until the weakly stratified water column overturns (Naughten et al., 2018) .
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The diagnosed mixed layer depth, however, is very sensitive to the chosen density threshold because of the very weakly stratified water column. We decided to apply a commonly used threshold for the Southern Ocean of σ t = 0.03 kg m from (1) the fact that mesoscale eddies tend to flatten isopycnals thereby increasing the stratification, and (2) the more detailed bathymetry which allows for a better simulation of dense-water overflows.
Based on forced MPIOM and coupled MPI-ESM simulations with varying resolution, Stössel et al. (2015) found that the surface freshwater flux improves because of better represented Southern Ocean winter sea-ice and water properties with a 0.1 • (TP6M) ocean component, and by switching from a forced to a coupled simulation. These findings are consistent with our ER pp 5 simulation (Fig. 11e) , where the mixed layer depth in the central Weddell Sea reduces in comparison with HR pp (Fig. 11a) . At Weddell Sea polynyas are expected to occur (due to the southward shift of the precipitation rich westerlies). Strong convection and large Weddell Sea polynyas, as implied by the perpetual large regions of excessively deep mixed layers (Fig. 11) , should thus be viewed as an unrealistic behaviour.
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As suggested by Timmermann and Beckmann (2004) , the vertical mixing scheme affects the sensitivity of spurious deep convection in the Weddell Sea. According to Kjellsson et al. (2015) and Timmermann and Beckmann (2004) , sufficient vertical mixing is required in the top 100 m of the mixed layer in the Weddell Sea to prevent polynya formation. However, we chose to reduce the wind induced mixing quadratically with an increased sea ice cover (PP and KPP scheme) in MPI-ESM1.2, which might result in too less mixing under sea ice and thus might also partly explain the deep convection in the Weddell Sea in our 25 simulations. We neglect here that wind induced mixing could increase with increasing sea ice concentration (and could be even larger than for open-ocean conditions), when the momentum flux from the atmosphere to the ocean will be taken over by the ice-ocean stress. Although the KPP scheme reduces the mixed layer depths in the Ross Sea, it enhances deep convection in the central (HR kpp ) and in the eastern part of the Weddell Sea (XR kpp ). This enhanced deep convection contribute to the enhanced ACC strength in the Drake Passage (Tab. 3), as it causes a steepening of the isopycnals across the ACC and thus an increased 30 geostrophic flow (Jungclaus et al., 2013; Stössel et al., 2015; Naughten et al., 2018) .
Besides the resolution of the ocean component and the choice of the vertical ocean mixing scheme, a higher resolution of the atmosphere component has also a distinct effect on the simulated winter mixed layer depth (Fig. 11c versus 11a and Fig. 11d versus 11b) , which is related to the reduced meridional pressure gradient (not shown) over the Weddell Sea. Stössel et al. (2015) found an improvement of the high-latitude Southern Ocean water-mass properties and winter sea-ice cover in a simulation, where the high-resolution (TP6M) MPIOM was coupled to a T255 atmosphere (ECHAM6) compared to a coupled simulation with a TP6M ocean and T63 atmosphere. In terms of the ocean mixed layer depth, our results support these earlier findings, as also indicated by the reduction of the ACC to more realistic values (Tab. 3). In all our model simulations shown here, sea-ice salinity has a constant value of 5 g kg for first-year ice, i.e. 5 the kind of sea ice mostly found around Antarctica. Such a higher value would reduce the amount of brine release during ice formation, and thus provide for a more stable upper-ocean water column in fall and winter. Another issue is the ice export from the coast: if too weak, it will strengthen open-ocean convection at the expense of near-boundary convection (e.g. Stössel et al., 2015; Haumann et al., 2016) .
Atlantic meridional overturning circulation
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The large-scale global meridional overturning circulation (MOC) is an important carrier of heat and freshwater in the climate system. The Atlantic MOC (AMOC) is considered to be the strongest part of the MOC (Trenberth and Caron, 2001 ). The North Atlantic contributes about 25 % of the total poleward heat flux (ocean plus atmosphere) (Srokosz and Bryden, 2015; Lozier et al., 2017) . The meridional transport of heat and salt follows the zonally integrated volume transport that, when facing west, emerges a clockwise rotating NADW cell and a counterclockwise rotating Antarctic Bottom Water (AABW) cell. (McCarthy et al., 2015; Smeed et al., 2017) . HR kpp simulates a stronger AMOC of 18.9 Sv, which 20 is the largest value of all our simulations. A possible explanation for this is given below. The volume transport of the overflow waters across the Greenland-Scotland ridge are also slightly higher with the KPP scheme (Tab. 3). After the overflow waters descend along the continental slopes and mix with ambient water masses, they contribute to a stronger NADW cell (Dickson and Brown, 1994) in the KPP simulations. The reduced wind stress from ECHAM6.3 at T255 results in the above mentioned slowdown of the AMOC in XR pp . In this simulation, the NADW cell reaches a maximum of only about 11.0 Sv, which is slightly higher than the 9.0 Sv reported 30 by Putrasahan et al. (2018) . This discrepancy is because we analyze an earlier period of the same XR pp simulation when the AMOC is still drifting to lower values. An important finding of this study is that XR kpp , featuring reduced surface winds, results in a similarly strong AMOC of 14.6 Sv as in HR pp and ER pp . In terms of volume transport, going to an eddy resolving ocean Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2018-286 Manuscript under review for journal Geosci. Model Dev. However, its bottom (AABW) cell becomes stronger (Fig. 12e) , which might be because of similar effects as described by Sein et al. (2018) , who hypothesize that eddy-induced transport acts to flatten the outcropping isopycnals in the Southern Ocean. So eddies counteract a wind-induced steepening of isopycnals, while at the same time, a stronger vertical gradient 5 between the AABW and the warmer ambient ocean is maintained. The flatter isopycnals reduce the vertical mixing because of a more stratified water column, as indicated by the reduced mixed layer depths in the Weddell Sea in ER (Fig. 11e) . Reduced convection maintains denser AABW, seen by sharper gradients of temperature and salinity in ER (Fig. A3e) and it theoretically helps to build up a deep heat reservoir (Dufour et al., 2017) that is required for intermittent Weddell Sea polynyas. However, in our ER simulation, Weddell Sea polynyas still form too frequently. On the other hand, better resolved bathymetry might also 10 be important for the AABW formation over the continental shelves, which is partly resolved in ER.
We define the depth of the NADW cell as the depth where the volume transport crosses the zero line in Fig. 12f The surplus of NADW water has to be replaced by water masses from the NAC, leading to larger volume and salt transports of this current. Once the upper cell in the Atlantic becomes stronger, a positive feedback sets in. A stronger NAC strengthens the cyclonic circulation of the subpolar gyre (Tab. 2) and the separation of water masses in the gyre centres (Labrador/Irminger 30 Sea) from the ambient water masses. This separation of water masses in the gyre centres enhances deep convection because of (1) increased isopycnal doming that leads to a weaker stratification of the water column and to a shallower thermocline, and (2) because of reduced mixing with ambient water, so that the water masses in the gyre centre are exposed longer to the overlaying cold atmosphere, leading to an increased heat loss. Both effects reduce the surface stratification that could be easily eroded, Geosci. Model Dev. Discuss., https://doi.org /10.5194/gmd-2018-286 Manuscript under review for journal Geosci. Model Dev. Discussion started: 17 December 2018 c Author(s) 2018. CC BY 4.0 License. which favours deep convection and again strengthens the overturning cell. In addition, increased salt input densifies the upper water masses of the northern North Atlantic and the Nordic Seas, so that convection is enhanced.
As a result of the enhanced AMOC, the adiabatic upwelling branch of the MOC south of the ACC has to become stronger too (Fig. A2) . Since KPP uses the same background diffusivities below the mixed layer as with the PP scheme, no significantly different diapycnal diffusion occurs in the Pacific (not shown). That is, the only return pathway is via wind-driven adiabatic 5 upwelling in the Southern Ocean (Marshall and Speer, 2012 ). An increase in upwelling in the Southern Ocean further strengthens the northern cell (Marshall et al., 2017) . This feedback is however acting on longer time scales than the slowdown of the AMOC in our model. Therefore, the Southern Ocean is not the main factor in sustaining a stable AMOC in XR kpp .
Summary
We compared control simulations of various MPI-ESM1.2 configurations following the HighResMIP protocol and investigated 10 separately the resolution effects of the atmosphere and ocean model configurations and the effects of an alternative diapycnal ocean mixing scheme on the mean states of the atmosphere and ocean.
Eddy-resolving ocean
An eddy-resolving ocean reduces biases in the ocean and it has a major impact on the large-scale temperature distribution in the atmosphere. In the atmosphere, the cold biases above the Northern hemisphere were removed, but in particular the cold 15 bias above the ACC. The latter bias could not be removed by just increasing the atmospheric resolution. In the ocean, warm and saline bias in the Southern Atlantic were removed, because of the better representation of the Agulhas Current system (Putrasahan et al., 2015; Cheng et al., 2016) and because of eddy-induced upward transport of fresh and cold water masses, as described in von Storch et al. (2016) . In the North Atlantic, the warm and saline bias was removed because of a better simulation of the water properties of the outflowing Mediterranean Water. An eddy-resolving ocean improves the separation 20 of the Gulf Stream, although the NAC remained still too zonal in our simulation. Furthermore, the warm bias of the Atlantic Layer in the Arctic Ocean was removed, probably because of reduced numerical mixing due to the higher resolution, which confirms the results of Wang et al. (2018) . Finally, the deep-convection centre shifted to the southeast in the Labrador Sea, and to the east in the Weddell Sea.
A T255 resolution for the atmosphere
25
A main improvement with a T255 atmosphere are reduced mixed layer depths in both hemispheres, in particular in the Labrador Sea and in the Weddell Sea. In the Weddell Sea, the ACC transport reduces to realistic values, as reported by Stössel et al. (2015) , because of a reduced meridional pressure gradient in the atmosphere across the ACC. Further the reduced pressure gradient above the Weddell Sea reduces the wind forcing of the Weddell Sea polynya. As with an eddy-resolving ocean, the centre of deep convection in the Weddell Sea shifts to the east, to the vicinity of the Maud Rise Plateau. In the northern hemisphere, a 30 T255 atmosphere reduces the near-surface wind speeds over the subpolar gyre. With a reduced wind forcing, the subpolar gyre Müller, W. A., Jungclaus, J. H., Mauritsen, T., Baehr, J., Bittner, M., Budich, R., Bunzel, F., Esch, M., Ghosh, R., Haak, H., Ilyina, T., Kleine, T., Kornblueh, L., Li, H., Modali, K., Notz, D., Pohlmann, H., Roeckner, E., Stemmler, I., Tian, F., and Marotzke, J.: AMOC volume (Sv) 14.9 ± 3.5 18.9 ± 4.0 11.0 ± 3.8 14.6 ± 3.9 14.9 ± 3.6 NADW cell depth (m) 2865 ± 270 3176 ± 334 2665 ± 287 2979 ± 489 2941 ± 265
Atl. heat transport across 50
• N (PW) 0.60 ± 0.04 0.63 ± 0.06 0.42 ± 0.06 0.52 ± 0.05 0.57 ± 0.03
Atl. salt transport across 50
• N (10 6 kg s −1 ) 0.28 ± 1.89 0.64 ± 2.18 -1.04 ± 2.54 0.4 ± 2.11 -0.22 ± 1.27
